Aims-To analyse long term eVects on the lens of radium irradiation during infancy. Methods-An infant cohort (n = 20, median age 6 months) treated for skin haemangioma with one or two radium-226 needles located at or within the orbital rim was examined 30 to 45 years after radiation. Detailed information about the treatment procedure was available for all cases. Subcapsular opacities were graded semiquantitatively according to a scale based on extent and density of the opacities. Results-A high prevalence of light to moderate posterior, subcapsular, and cortical cataract formation was found in the lenses on the treated side irradiated with a mean dose ranging from approximately 1 to 8 Gy. The cataract formation increased as a function of dose. The presence of subcapsular punctate opacities and vacuoles in the lenses on the untreated side receiving irradiation of an estimated dose varying around 0.1 Gy indicates a higher sensitivity than expected. Conclusion-The growing lens during infancy is sensitive to radium irradiation at doses lower than those previously stated. The eye lens seems suitable for studies of eVects of low dose radiation since damaged cells are retained in the lens for a lifetime. (Br J Ophthalmol 1997;81:261-266) Ocular complications are encountered following ionising radiation on the eye.
tion. Detailed information about the treatment procedure was available for all cases. Subcapsular opacities were graded semiquantitatively according to a scale based on extent and density of the opacities. Results-A high prevalence of light to moderate posterior, subcapsular, and cortical cataract formation was found in the lenses on the treated side irradiated with a mean dose ranging from approximately 1 to 8 Gy. The cataract formation increased as a function of dose. The presence of subcapsular punctate opacities and vacuoles in the lenses on the untreated side receiving irradiation of an estimated dose varying around 0.1 Gy indicates a higher sensitivity than expected. Conclusion-The growing lens during infancy is sensitive to radium irradiation at doses lower than those previously stated. The eye lens seems suitable for studies of eVects of low dose radiation since damaged cells are retained in the lens for a lifetime. (Br J Ophthalmol 1997; 81:261-266) Ocular complications are encountered following ionising radiation on the eye. 1 The lens has a relatively high radiosensitivity and a major ocular complication associated with irradiation is posterior subcapsular cataract formation. 2 The lens opacification is believed to be initiated by radiation injury to the lens epithelium near the equator, with interference with normal lens fibre diVerentiation. 3 4 The cataractogenic dose of various qualities of radiation and the dose-response relation of the human lens as well as age dependence are not well documented. The estimated minimal or threshold dose required for lenticular opacification diVers in various surveys as a result of variation in observation method used and individual sensitivity. [5] [6] [7] [8] Furthermore, few quantitative studies are available regarding long term eVects of irradiation on infants and children with respect to threshold dose for induction of cataract and the length of the latent periodthat is, time interval between treatment and appearance of lens opacities. Clinical studies on human adults have presented uncertain data concerning the length of the latency period, with it ranging from 0.5 to 35 years with shorter latencies as well as a higher proportion of progressive cataracts at higher dose levels. 9 Long term studies are therefore needed to analyse the prevalence of lens changes following ionising radiation.
Haemangiomas are skin lesions of early childhood. Ionising radiation has been one of several treatment methods used in the past to facilitate regression. Ray therapy for haemangiomas of the eyelids and skin according to a specified technique with surface application or implantation of radium needles [10] [11] [12] were used between 1930 and 1964 at the department of radiotherapy at Sahlgrenska University Hospital, Gothenburg. During recent decades this therapy has been regarded as obsolete since it is known that cavernous and capillary haemangiomas in general undergo spontaneous regression. Radiation therapy of haemangiomas, therefore, has not been used in our hospital since 1964.
The purpose of our investigation was to make a cross sectional follow up study of adults who, as infants with haemangiomas, were treated with radium periocularly, and to evaluate the relation between cataract formation and levels of radiation in infancy in the long term. Thirty to 46 years after the radium treatment an examination of the eye was performed and, in addition, a semiquantitative assessment of lens opacities was carried out.
Materials and methods

SUBJECTS
From 1930 to 1964, 76 children with haemangioma in the eyelid and surrounding tissues were treated with irradiation at the Radiological Clinic, Sahlgrenska University Hospital, during their first 13 months of life. Among these children 20 subjects were selected for follow up study according to the following criteria: a cavernous haemangioma of the eyelid localised at and within the orbital rim treated by application or implantation of radium-226 with one (n = 11) or two needles (n = 9); a patient record with detailed information concerning the treatment procedure and precise positioning of the source in relation to the eye. Cases treated with one or two needles were chosen in order to get the most reliable lens dose calculations and to decrease the uncertainty in dose estimates as described in an earlier study. 13 From the national registries we traced the present addresses of these patients. They were invited by letter or telephone call to take part in this follow up examination; all patients (n = 20) accepted. The age at the first treatment ranged from 2 to 13 months (median 6 months). They were 31-46 years old when the follow up was made. The clinical data of the subjects are shown in Table 1 .
TREATMENT
The application or implantation of radium-226 was made in the eyelid by using one or two needles. 10 11 Each needle contained 10 mg radium-226 and was 14 mm long and 2.5 mm in diameter. The radium-226 source located in the centre of the needle was surrounded by two metal strata, one with 0.2 mm gold and one with 0.35 mm platinum. All radiation except the radiation was filtered by the metal.
One or two needles were used depending on the size of the haemangioma. The implanted needle was placed, in general, parallel to the orbital rim on or within the haemangioma of the upper or lower eyelid. Detailed schematic drawings of the implantation geometry and detailed information about the treatment procedure were present for each patient in the hospital records. The treatment data with respect to treatment type, dose of irradiation, and localisation of the treatment area are listed in Table 1 according to increasing dose to the lens of the treated side.
In general, no shielding of adjacent tissues was used and the child was allowed to sit in the mother's lap or lie on a couch during treatment.
CALCULATION OF DOSE OF RADIATION TO THE
LENS
The lid haemangiomas were treated with implantation of one (cases 1-11) or two needles (cases 12-20) (Table 1 ). For haemangiomas located near the lid margin and the midline of the eyelid the distance from the most proximal portion of the anterior surface of the lens to the radiation source was calculated according to the following: anterior chamber depth and eyelid tissue was set equivalent to 5 mm (based on the Gullstrand's 14 schematic eye at the age of 2-13 months), tissue oedema, and haemangioma tissue to 1 mm-that is, an average total distance of 6 mm from the source to the anterior lens surface.
In the other cases, where the haemangiomas were located closer to the orbital rim, an average distance according to anatomical location ranging from 8 mm to 12 mm was used for calculation. We calculated the average dose (Gy) of radiation to the anterior surface of the lens of the treated eye from isodose curves based on the distance between the radiation source and the anterior surface of the lens as previously described. 10 15 The dose to the lens on the untreated side was similarly calculated. Interpupillary and intercanthal distances at diVerent ages were extrapolated from the data reported by Pryor 16 and Waitzman et al. 17 For all cases a minimal and maximal dose was estimated ( Table 1 ). The assumption was made that the actual distance could vary by plus or minus 1 mm during treatment as a result of local anaesthesia or eyelid movements. History taking followed a standardised protocol and questions were asked especially about potential cataractogenic factors-that is, diabetes, corticosteroid medication, x ray to the head, etc. No special cataractogenic factor besides radiation was documented in any of the cases besides bilateral myopia in cases 6 and 20 (Table 2) . Both eyes were examined by a trained ophthalmologist (GW) according to the standardised protocol. The observer was not masked as to the side of the radium needle(s). Testing of refraction and visual acuity (Table 2) , followed by ophthalmoscopy of the fundus and slit-lamp microscopy of the lens and anterior segment of the eye were performed. A schematic drawing of the lens was made based on the microscope view in slit and retroillumination. Thereafter, photographs of the lens were taken with a Zeiss fundus camera and in slit and retroillumination. Colour film Ektachrome 200 was used. The patients were also photographed with the Oxford retroillumination cataract camera (Holofax Limited, UK) with a black and white Tri X Pan film.
Other changes of the eye and adnexa with no and minor subjective symptoms were also noted-that is, dry eye symptoms, telangiectasis of conjunctival vessels, loss of eyelashes, atrophy, and changed pigmentation of the skin of the eyelids (compare Donnenfeld et al 22 ). In all cases these changes were only found on the treated side. In one case minor areas with defects of the underlying bone were noted on the treated side. No obvious relation to the calculated lens dose could be found and the changes were most marked in the area closest to the radiation source.
GRADING OF LENS OPACITIES
The presence of a localised opacity in the posterior subcapsular zone was documented by slit-lamp biomicroscopy and retroillumination photography. All lens opacities were graded by slit-lamp biomicroscopy using a modified version of classifications of radiation cataract in the posterior subcapsular region. 5 18 19 By combining classification criteria from these studies and, mainly, Tokunaga's study 18 a hierarchical grading system for lens opacities of increasing severity was established primarily based on the increasing dimensions of the posterior subcapsular opacities and density together with other characteristics. The earliest change (grade 1) was punctate opacities and vacuoles grouped subcapsular in the posterior pole. They were clearly observable by slit-lamp biomicroscopy under high magnification but diYcult to visualise by retroillumination photography. Grades 2-8 (slight to moderate radiation cataract), documented by retroillumination photography, were scored as follows: small, localised opacity in the posterior pole (grade 2); in combination with white punctate opacities and vacuoles in the posterior cortex (grade 3); wider plaque-like denser opacity (grade 4) (Fig  1(A) ); denser and wider opacity (grade 5); dense, coarsely granular or tuV-like (tuV = a kind of volcanic, porous rock); opacity central to a wide, subcapsular plaque formation (grade 6); larger tuV-like opacity on a plaque-like formation (grade 7) with some anterior, cuneiform cortical opacities (Figs 1(B) and 2). Finally, grade 8 was a tuV-like opacity on a wider plaque formation occupying 
Figure 1 Retroillumination photography. (A) Grade 4 (case 8), (B) grade 7 (case 15) of radiation cataracts according to the description in the methods section.
approximately one third of the area of the posterior subcapsular region within the dilated pupil. In addition, advanced cuneiform cortical opacities were observed at this stage. No case had severe radiation cataract changes (stages 9,10) characterised by advanced cataract.
18
Results
The average dose of radiation to the lens of the treated eye varied from approximately 1.1 to 8.4 Gy ( Table 1) . No other cataractogenic factor was documented in any of the cases studied. The patient (case 6, Table 2 ) with subnormal acuity had bilateral hereditary, dominant atrophy and no association with radiation is suspected.
All lenses of the eye on the treated side showed some changes in the posterior cortex adjacent to the posterior pole (Table 1 ). In two treated lenses (cases 9, 10, Table 1 ) receiving the lowest dose of radiation (less than 1.4 Gy) only vacuoles and punctate opacities at slit-lamp observations were found in the posterior subcapsular zone. In the other 18 cases clear opacities could be documented photographically and the extent and density of the subcapsular opacities observed in retroillumination were related to the calculated dose (Fig  3) . Most treated lenses (16/18) had slight radiation cataract (grades 2-4) and only two in the highest dose range (more than 5 Gy) had moderate (grades 5-8) radiation cataract (Table 1) . No case of severe radiation cataract, according to Tokunaga's 18 classification, was found in this study which included patients treated with only one or two radium-226 sources.
In the slit-lamp photographs it could be shown that the cataract extended from the subcapsular zone into the posterior cortex. In cataracts of higher grade two areas of increased light scatter separated by a clearer zone could be observed at least in the peripheral region of the cataract (Fig 2) . In the central parts of the cataract closer to the visual axis the zones seem to aggregate. In cataracts of lower grades (4 or less) the opacities were of more irregular location and were found in a zone extending from the subcapsular region into the deepest part of the posterior cortex.
The refraction and visual acuity on the treated side were within normal range and no clear diVerences from those of the untreated eyes were found. However, the case (no 15) with the most advanced cataract complained about glare.
The lenses of the eye on the untreated side received doses in the range 0.02-0.12 Gy ( Table 1) . Seven of the 20 cases showed no changes in the posterior pole of the lens on the untreated side (dose range 0.03-0.06). In the dose range 0.06-0.12 Gy all but one of the lenses (10/11) had minor changes (grade 1 or 2) in the posterior pole. In all cases with cataract grade 3 or more on the treated side the lenses on the other side had small opacities.
Discussion
The main finding in this study of adults (31-46 years old), treated with radium-226 needles during infancy (2-13 months) as a result of haemangiomas within the orbital rim, is the high prevalence of posterior capsular opacities. If the earliest change consisting of punctuate opacities close to the posterior pole is included all had lens changes on the treated side. The cataract changes, according to a semiquantitative grading of the extent and density of the opacities, showed a relation between cataract grade and estimated dose to the lens in agreement with previous studies. 6 18 In agreement with studies of lens changes in adult patients receiving radiation 6 our adult cases radiated in infancy show easily observable eVects after doses of 2.0 Gy or more. The posterior subcapsular cataract formation was, in all cases, compatible with eVects of radiation. 5 18 However, since these changes cannot be considered pathognomonic of radiation cataract other causes must be ruled out. None of our cases had any other cataractogenic factors other than age between 31 and 46 years at examination and bilateral myopia in two cases. The possibility of presenile, unspecific cataract formation as a cause for the more subtle cataract grades (grades 1 and 2) is less probable since the contralateral lens in all cases, including the myopic case 20 receiving 2.6 Gy or less to the lens of the treated side showed no lens changes at the posterior pole. Although myopia is a recognised factor related to cataract, this association seems to be due mainly to the myopic shift found in early nuclear cataract rather than to a predisposition of the myopic eye to subcapsular cataract. 20 Myopia as the cause of subcapsular cataract formation in cases 6 and 20 is therefore less probable. Furthermore, the extension of the subcapsular opacities into the posterior cortex found in this study is usually not seen in subcapsular cataracts acquired later in life. The radiation cataract on the treated side was classified as slight to moderate according to Tokunaga's classification. 18 No case diagnosed as severe radiation cataract was found in any of our cases with a maximal dose level around 8 Gy. Children receiving total body irradiation of 10 Gy because of haematological malignancies before bone marrow transplantation all developed lens opacification and only 25% had an unaVected visual acuity after 3 years. 21 Similarly, we have observed severe radiation cataract in cases that were treated with more than two needles and doses 10 Gy or more (Wilde, in preparation).
To determine the latency period before lens injury occurs is obviously of great importance. As a general rule, increasing the dose of radiation seem to be related to a shorter latency period before tissue eVects are observed. 22 As the lens grows throughout life at a steady rate with the youngest fibres most superficial there is a possibility of dating the onset of cataract by judging the depth of the cataract. 23 In the present study changes could be observed in the deeper parts of the posterior, perinuclear cortex at least in the higher grades of cataracts indicating that damaged lens cells appeared probably within years after exposure to average lens doses of 5 Gy or more. This initial zone of radiation damage has, thereafter, been buried by growth of more normal fibres creating intervals with less light scatter. The presence of cataract in the subcapsular zone adjacent to the posterior capsule may be due to the persistence of damaged cells at the posterior pole. 24 In other studies with long term follow up of radiation cataract several decades after radiation due to treatment with x ray 24 or injected radium-226 25 it has also been observed that cataract formation is present in the posterior cortex covered by a zone of clear, more superficial cortex. These findings, in some cases of more clear zones superficial to the cataract in the posterior cortex, indicate that normal or less damaged lens fibres may be formed after an initial period.
The visual acuity and refraction seemed to be within normal limits. In agreement, Quist and Zachau-Christiansen 7 found, in their follow up of cases treated 20-30 years earlier with radium therapy during childhood, that the radiation cataract as a rule does not essentially impair vision. In their investigation they point out that a relatively high number had an ametropia exceeding +2D. This was not found in our study. If some of the lenses in our study have been growth retarded as a result of radiation an emmetropising process may have compensated for eventual refractive changes.
To determine whether the cataract changes found in our study are stationary, a follow up study is needed. Merriam and Focht 6 found that in a dose range of more than 6 Gy the majority showed progressive cataracts. Tokunaga 18 reports that the radiation cataracts following the atomic bomb in Nagasaki did not progress except in cases with severe radiation cataract.
A follow up study of possible cataract progress even in a lower dose range would be of great interest since diVerent possibilities exist. The original ionic radiation is known to give rise to DNA damage and a genotoxic eVect, preferentially within the pre-equatorial, germinative zone of the lens epithelial cells. 4 Some of these damaged cells may migrate to the equator and form damaged lens cells during the first years. Others may divide and form clones of damaged cells that may stay stationary for decades or eventually almost a lifetime in the germinative zone before starting migration and lens fibre diVerentiation. Damaged lens fibres may therefore be found at long intervals after the initial damage since no cells or debris are lost in the lens. Slow progress later in life can therefore occur as a result of the radiation damage in infancy. However, another scenario is also possible. The genotoxic, accumulating eVects of an environmental nature on the lens epithelial cell-for example, ultraviolet light exposure or oxidative damage, may add to the previous radiation eVect and produce accelerated age related cataract formation later in life.
The dose to the lens on the untreated side was calculated to be in the range 0.02-0.12 Gy; 1% to 3% of that to the treated lens. Thirteen of 20 lenses (65%) on the untreated side showed changes (exact 95% confidence limits 40.8 to 84.6%). Slight changes consisting of vacuoles and subcapsular punctate opacities at the posterior pole were seen in the majority of lenses in the highest dose range 0.06-0.12 Gy. Even though age related, unspecific changes cannot be ruled out, the association with lens dose is to be noted in 10 out of 11 lenses with such changes in the highest dose range and no lens change in the low dose range. A cataract formation in the fellow eye as a result of a sympathetic granulomatous inflammatory reaction due to damage to the eye on the treated side is highly unlikely since no changes have been found in the posterior segment of those eyes. At low dose levels cultured bovine lens epithelial cells (the probable target for radiation) have been found to be sensitive to x radiation with no evidence for thresholds at very low doses. 26 It is therefore possible that a small percentage of lens epithelial cells in the germinative zone of the actively growing lens during infancy may be damaged due to a stochastic irradiation process. Survival studies of human normal epithelial cells and tumour cell lines of diVering radiosensitivity are published after irradiation with single doses of x rays. 27 28 At doses below 1.0 Gy the cells were more sensitive than predicted by back extrapolating the high dose response. A brief single exposure to 0.15 Gy has been reported to cause temporary sterility in men. 29 It is therefore possible that the radiosensitivity of some proliferating lens epithelial cells in infancy is of a magnitude not very different from cells in adult spermatogenesis.
A careful calculation of the dose to the lens is important and the estimation of the distance between the lens and radiation source is critical. Even though the location of the radium-226 source within the orbital is well described in each patient record and our calculations included most variables that aVect distance calculation, some degree of uncertainty is present. In a detailed phantom study imitating the treatment procedure with radium-226 needles used in our study, Lundell 30 has made estimates of the absorbed dose in diVerent organs in children with a mean age of 6 months treated for skin haemangiomas and discussed possible variables. The mean absorbed dose per 1000 mgh radium-226 in the eye lens in infants treated for skin haemangioma in the head and neck was 2.99 cGy. 30 The corresponding figure in our material from calculations done by Lundberg, 15 is quite similar; 2.88 Gy per 1000 mgh and equivalent to an average radiation source-lens distance of 5 cm. 15 The mean estimated dose to the lens in our group of infants with treatment at and within the orbital rim with 10 mg of radium-226 (case 1-11) was 2.64 Gy. The mean treatment time was 2.26 hours and 1.16 Gy per 10 mgh, thus in a much higher dose range than the mean dose to the lens from treatments in the head and neck region in general, 0.291 Gy (data from Lundberg 15 ). In summary, the growing lens during infancy is highly radiosensitive with severity of lens damage in adult life related to dose of radiation. The sensitivity was higher than expected on the untreated side. This is of great radiobiological interest and will be the object of further studies.
